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Abstract 
The importance of wearable devices in nursing care and rehabilitation has been strongly recognized.  The purpose of our study is to 
develop a wearable motion sensor.  In our previous study, we had proposed tested a “Skin Displacement Sensor” by using a string type 
flexible displacement. This “Skin Displacement Sensor” can measure the movement of the human body by measuring the displacement of 
the skin.  In this paper, an inexpensive intelligent wearable motion sensing device that can automatically adjust the offset signal from the 
skin displacement sensor and amplification factor is proposed and tested. In addition, a wireless communication device is installed into 
the tested device. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA. 
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1. Introduction 
Due to the aging of Japanese society and the decreasing birth rate, an important problem of providing nursing care for the 
elderly has occurred.  As a result, it is necessary to develop systems to aid in nursing care and to support the daily activities 
of the elderly and the disabled[1][2][3]. For using as an assistance in the nursing care tasks, the power assisted device has to 
be worn directly on the human body.  The robots also must have the ability such as flexible movement in order to be used in 
the nursing care work.  There are also many kinds of robots such as human friendly robots that already apply the flexible 
and complex movement in their robot ability for nursing care work.  The purpose of our study is to develop a flexible, 
lightweight and simple sensing system which is lightweight enough to be attached on the human body.  In our previous 
study, the skin displacement sensor that can estimate the human joint motion without measuring the joint angle directly was 
proposed and tested[4][5].  However, the initial output voltage from the skin displacement sensor was changed based on the 
pasting point where it had been pasted.  Moreover, it takes relatively longer setting time to adjust manually the resistance for 
an amplification factor and the offset voltage of an analogue amplifier.  In this paper, to improve the measuring problem, we 
propose an inexpensive intelligent wearable motion sensing device that can automatically adjust the offset signal from the 
skin displacement sensor and the amplification factor.  We also aim to develop the device using low-cost elements in order 
to decrease the production cost of the device. Furthermore, to realize the intelligent wearable measuring system with a low-
cost, we will install a commercial wireless communication device on the system. 
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2. Skin Displacement Sensor 
2.1. String type flexible displacement sensor 
Figure 1 shows a schematic diagram of a string type Flexible Displacement Sensor (“FDS” for short) that had developed 
in our previous study[6].  The FSD consists of a nylon string coated with carbon (“NSCC” for short), a slide electrode, two 
fixed electrodes for the anode and cathode. 
                          
Fig. 1. Schematic diagram of a flexible displacement sensor                                          Fig. 2. Inner construction of slide electrode 
Figure 2 shows the inner construction of the slide electrode. The slider consists of a brass cylinder that is filled with 
carbon black powder.  Each side of the slider has the rubber sheet, rubber packing and the plastic cover to keep a seal.  The 
slider is penetrated by the NSCC.  By using this method, the slider can hold the stable electrical contact between the slider 
and the NSCC.  The carbon black powder can prevent the wear of the NSCC because it works as a ball-bearing.  The tested 
flexible sensor can realize wider measurement range rather than conductive rubber displacement sensors[7][8].  The user 
can easily change the measurement range of the sensor.  From the experimental result using the tested sensor in our previous 
study, we can confirm that the relation between the displacement of the slider and the sensor output voltage is linear with no 
hysteresis.  From the 1,000,000 repetition test using the sensor, we can also confirm that the sensor has suitable durability to 
use as a displacement sensor[5].  
2.2.  Construction of skin displacement sensor 
It is very useful to measure the movement of the human body, such as the joint angle, indirectly.  That is because it does 
not prevent human motion. When the human body moves, the muscles also move.  At the same time, the skin that covers the 
muscle also moves.  As a method of indirect measurement for the human motion, the skin displacement sensor as shown in 
Fig. 3 was proposed and tested.  The sensor consists of the FDS set on the flexible plastic sheet that has bellows and the 
electric circuit pattern using conductive paints.  The lower figure in Fig.3 shows the electric circuit of the sensor.  The 
electric input and output lines are gathered in one end of the sensor.  Each end of the FDS is connected with a power supply 
or a GND line.  The slide electrode is connected with the sensor output line.  The operating principle of the sensor is as 
follows.  First, both ends of the sensor (as shown in Fig. 3) are pasted on human skin as a sticking plaster.  When the body 
and skin moves, the distance between both pasting points of the sensor is changed.  This change causes the pulling and 
pushing force acted on one end of the FDS.  By this method, the sensor measures the displacement of the skin.  
 
 
Fig. 3. Construction of the skin displacement sensor 
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2.3. Shoulder motion measurement 
Usually, a direct measurement of the shoulder motion becomes complicated because of its multi degrees of motion.  The 
measuring system becomes very complicated and expensive.  Therefore, we proposed a simple estimating method of the 
shoulder motion by measuring the skin displacement on the back using the tested sensor.  In such a measurement, the 
measuring point on the back for each shoulder motion becomes important. 
 
(a)        (b)  
Fig. 4. Marker point and definition for bending angle  (a) maker points and (b) definition for bending angle 
In the beginning of the investigation of the measuring point, the skin displacement on the back for each shoulder motion 
is measured visually by using the pasted markers from A to T on the back as shown in Fig. 4.  The marker A is located on 
the cross point of the center of the back and the line through both articular processes of the shoulders.  Each marker has a 
distance of 50 mm from the other markers.  As a result of a preparatory experiment to get the relationship between the 
bending angle and the distance between neighboring markers, the distance change between marker I and N and between 
marker O and S (we call them the distance I-N and the distance O-S for short, respectively) relate to the bending angle of 
the shoulder.  Then, the distance O-S is selected by getting the greatest distance difference change for the abduction or 
adduction angle ș and the flexion or extension angle ĳ of the shoulder.  The distance I-N is selected so the relation between 
distance and bending angle of the shoulder is most linear among various distances.  In order to estimate the validity of the 
tested sensor for measuring the shoulder motion, the output voltages from the two sensors are compared with the bending 
angle ș and ĳ.  The bending angle ș and ĳ can be gotten from the position coordinate three markers by using the 3D motion 
capture (Viconpeak Co. Ltd. Vicon512) as shown in Fig.4.  Then, the angle Į is calculated by the following equation. 
                                                                 
(1) 
(a)        (b)  
Fig. 5. Transient response of the output voltage of the sensors and the bending angle of the shoulder (a) bending angle and  (b) output voltage from the 
sensor. 
Figure 5 shows the transient response of the output voltage from the sensor and the calculated bending angle of the 
shoulder.  From Fig. 5, it can be seen that there is a sure correlation between the bending angle and sensor output voltage.  
Table 1 shows the results of the coefficient of correlation of the sensor output voltage for each bending angle.  In Table 1, 
the value of 0.993 in the coefficients of correlation means that the relationship between the skin displacement and the 
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bending angle of the arm measured by the tested skin displacement sensor is almost linear.  As a result, we can confirm that 
the proposed measuring method using the tested sensor is valid[4]. 
     Table 1. The coefficient of correlation of the sensor output voltage for each bending angle 
 
3. Intelligent Motion Sensing Device Using Embedded Controller 
3.1. Construction and operating principle 
The initial output voltage from the skin displacement sensor depends on the pasted position and the state of the skin 
displacement sensor such as an initial stretching.  The variable range of the voltage from the sensor for motion is also 
changed by the pasted parts of body.   These problems will be solved by using the measuring devices with high resolution 
available in the market.  Usually, these devices are expensive and heavy.   Using the low-cost operational amplifier requires 
a relative longer setting time for measurement.  In addition, it is very difficult to construct an inexpensive wearable 
measuring system using a typical commercial measuring device.  Especially, using the embedded controller with low 
resolution of the A/D converter will lead to the additional problem.  Therefore, we propose the intelligent sensing device 
that can adjust the offset voltage from the wearable sensor and amplification factor of the device automatically to decrease 
the setting time for measuring.   Figure 6 shows the construction of the intelligent sensing device. The tested device consists 
of a micro-computer (Renesas Co. Ltd., H8/3664), an analogue operational amplifier (INA128), an extra outer 12 bit A/D 
converter (Microchip Co. Ltd., MCP3208) and an extra outer 10 bit D/A converter (Linear Technology Co. Ltd., LTC1660).  
The extra A/D and D/A converter can be controlled by serial SPI communication. 
 
                  
Fig. 6. Construction of tested device                                                       Fig.7. Schematic diagram of the tested device 
Figure 7 shows the schematic diagram of the tested device.  The extra A/D and D/A converters are connected to I/O ports 
in the micro-computer.  Two output ports from the D/A converter are connected to the input port of the analog amplifier and 
the reference voltage setting port in the extra A/D converter.  The operating principle of the tested device is as follows.  First, 
the micro-computer can get the sensor output voltage from the skin displacement sensor through the inner 10 bit A/D 
converter to detect the maximum and minimum values of the sensor.  In order to adjust the offset from the sensor output, the 
micro-computer drives the outer D/A converter to give the minimum value of the sensor to the analogue amplifier connected 
with the sensor output.  In order to adjust the amplification factor of the tested device, the micro-computer controls the 
reference voltage of the outer A/D converter that measures the output voltage from the analogue operational amplifier 
connected with sensor through the outer D/A converter.  By this method, the micro-computer can adjust the offset voltage 
from the sensor and the amplification factor of the device automatically while measuring. The cost of each element in the 
tested device is inexpensive.  The amount cost for the device is about 50 US dollars.   By using the inexpensive micro-
computer (Renesas Co. Ltd., R8C12M) and D/A converter (Microchip Co. Ltd. MCP4922) which prices are 1.25 and 3 US 
dollars, respectively, the total cost will decrease to 18 US dollars. 
3.2. Improvement of the tested intelligent sensing device for wearable device 
The tested prototype intelligent sensing device consists of three bases with integrated circuits and a micro-computer as 
shown in Fig.6.  It is very difficult to apply a wearable measuring system, because the size of the device is large.  Therefore, 
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the miniaturization of the device was done.  Figure 8 shows the construction of the improved device.  In the device, the 
electric circuit was redesigned to decrease the size of the device. In addition, the regulator integrated circuit (Linear 
Technology Co. Ltd., LT1054) that can generate + or – voltage for supplying the analogue operational amplifier in order to 
drive it using regular battery.  The size of the improved device becomes 70 mm x 42 mm.  It means that the base size of the 
device becomes 33 % from the prototype device.  The cubic size of the device deceases to 14 % from the previous one.  The 
mass of the device is lightweight, that is 38.2 g. 
 
                           
Fig. 8. Construction of tested device                                                      Fig.9. Schematic diagram of the tested device. 
The wearable device is also required with wireless connection to send the motion data to a host computer.  Therefore, a 
commercial communication device was used.  Figure 9 shows the construction of the tested device with the wireless 
communication device (Digi International Co. Ltd., XBee XB24-Z7CIT-004). The communication device is connected to 
the serial communication port in the micro-computer. The distance that the device can send the data is about 70 m. The 
transport speed of 57600 bps was used.  The sampling period of the embedded controller in the device with the wireless 
communication is 16.1 ms.  Most time of this sampling period is consumed by time for transporting the data using the serial 
communication.  It is possible to improve the sampling period of the measuring by using faster data transporting method.  
To prevent the sensor noise, the tested device also has a function of 2nd order low pass filter.  In order to get the filter 
function, the digital filter was used instead of an analogue filter.  Then, the cut-off frequency of the filter is set at 3 Hz (time 
constant : 53.1 ms) by considering  human motion. 
4. Experimental Results of Tested Device 
4.1. Estimation of digital filter 
In order to confirm the performance of the tested digital filter, the response of the tested device was investigated.  Figure 
10 shows the transient response of the output A/D value from the skin displacement sensor through the tested device that is 
mentioned above.  In Fig.10, the solid line shows the A/D value without digital filter.  The broken line shows the result with 
the digital filter.   From Fig.10, it can be seen that the digital filter can decrease the noise from the skin displacement sensor. 
 
 
Fig. 10. Transient response of output signal from the skin displacement sensor with and without digital filter. 
4.2. Estimation of the amplification 
In order to confirm the performance of adjusting the amplification factor and the resolution of the tested device, the 
certain signal with low voltage change is applied to the tested device.  Figure 11(a) shows the transient response of the 
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output signal through the inner 10 bit A/D converter in the micro-computer.  Figure 11(b) shows the result using the tested 
device for the same input signal.  From Fig.11(a), it can be seen that a quantized error of A/D converter is observed in the 
response because of using the lower resolution of the A/D converter with a relatively larger reference voltage that is 4.5 V.  
From Fig.11(b), it can be seen that the response of the output value from the tested device changes smoothly.  It means that 
not only by using the high resolution of 12 bit A/D converter in the tested device, but also adjusting the reference voltage of 
A/D converter and the amplification using analogue operational amplifier are related to get this higher resolution. 
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Fig. 11. Transient response of the output value from the inner A/D converter and the tested device (a)output value from the inner A/D converter in micro-
computer and (b) output A/D value from the tested device. 
4.3. Automatic adjustment of offset voltage 
In the measurement of human motion using the skin displacement sensor, it is important to adjust the offset value of the 
sensor.  If this adjustment can be controlled automatically, the setting time for the measurement can be reduced.  In the case 
of using the tested intelligent sensing device, it is easy to realize the automatic adjustment of offset and amplification factor 
by changing a program in the embedded controller (micro-computer). Figure 12 (a) and (b) show the transient response of 
the output voltage from the skin displacement sensor and the output A/D value of the tested device, respectively.  The offset 
adjustment is done as follows.  First, the micro-computer can detect the sensor output voltage through the inner A/D 
converter.  The micro-computer also gets the maximum and minimum values from the inner A/D converter for 4 seconds 
from the beginning of the measurement.  From these data, the micro-computer decides the offset value and amplification 
factor of the device.  In detail, the offset voltage given to the analogue amplifier from the extra D/A converter is calculated.  
If the amplification factor is not enough, the reference voltage of the extra A/D converter is changed through the D/A 
converter.  In the experiment as shown in Fig.12, only the offset adjustment was executed.  From Fig.12 (b), it can be seen 
that the offset value of the sensor can be changed after 4 seconds from the beginning of the measurement.  It is also found 
that the sensor noise as shown in Fig.12 (a) can be reduced by using the digital filter. 
 
(a)      (b)  
Fig. 12. Transient response of the output voltage from the skin displacement sensor and output A/D value from the device  (a) output voltage from the skin 
displacement sensor and (b) output A/D value from the tested device. 
 
Fig. 13. Transient view of the measurement using the tested device and the skin displacement sensor. 
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Figure 13 shows the transient view of the measurement using the tested device and the skin displacement sensor.  In the 
experiment, the sensor was pasted on the arm.  The supply voltage of the sensor and the device was supplied from the dry 
cell batteries.  The measuring data was sent to a personal computer (PC) through the wireless communication device.  It can 
be observed that the output value corresponding to the skin displacement on the PC monitor is changed by the motion of the 
arm. 
5. Conclusions 
This study that is to aim the development of the low-cost wearable intelligent motion sensing device for the skin 
displacement sensor can be summarized as follows. 
The low-cost wearable intelligent motion sensing device that consists of an embedded controller, the analogue operational 
amplifier, the extra A/D and D/A converters was proposed and tested.  The operating principle of the automatic adjustment 
of the offset and amplification factor for measurement to get higher resolution was proposed.  A digital filter was 
constructed in the tiny embedded controller.  The cost of the device becomes less than 50 US dollars.  By reconstructing the 
device using the cheaper micro-computer and D/A converter, possibility of lower cost device that is cost less than 18 US 
dollars was suggested. 
To realize the wearable measurement, the redesign of the tested device for miniaturization was executed.  As a result, the 
compact device with the size of 70 mm x 42 mm and mass of 38g was developed.  In addition, the improvement for the 
wireless communication and the unification of supplied voltage was executed to the device. As a result, the wireless 
communication system can be realized.  Using the system and the skin displacement sensor, the wireless measurement of 
skin movement was executed. 
To confirm the performance of the tested device, the various bench tests were performed.  It was confirmed that the 
resolution of the device can be improved by changing the reference voltage of the extra A/D converter through the D/A 
converter.  By controlling the input voltage of the analogue operational amplifier, the offset value of the sensor could be 
adjusted automatically.  Thus, the full rage measurement could be realized. 
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